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(57) ABSTRACT 

A material and method for adhering at least tWo materials 
that includes the step of interposing at least one intermediate 
layer betWeen the tWo materials and associated adhesion 
material. The materials to be adhered exhibit at least one 
characteristic dissimilarity and the intermediate material 
interposed contains at least one shape memory alloy, the 
shape memory alloy capable of exhibiting -superelasticity. 
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METALLIC-BASED ADHESION MATERIALS 

BACKGROUND 

The present invention relates to metallic-based materials 
that can be interposed betWeen dissimilar materials and 
improve adhesion therebetWeen. The present invention is 
also related to a method for adhering tWo layers of materials 
using an intermediate layer containing at least one shape 
memory alloy that exhibits superelastic effects as Well as 
constructions including such materials. 

Various materials have been proposed for achieving adhe 
sion betWeen dissimilar materials. One dif?culty encoun 
tered in joining dissimilar materials is the differences 
betWeen mechanical properties, such as elastic moduli and 
yield strengths of the respective materials. Dissimilar mate 
rials exhibiting modulus mismatches may produce shear 
stress parallel to material interfaces that can compromise 
adhesion effectiveness. Such shear stresses may result in 
crack propagation along the interface leading to the delami 
nation. It has been found that such phenomena can occur 
even When a joint or laminate is under tensile loading. 

Polymeric adhesives, commonly called glues, have been 
used to bond various surfaces together. These adhesives can 
be formulated to exhibit very large recoverable strain, strong 
chemical interaction With the bonding surfaces, and capa 
bility of storing large amounts of elastic energy before 
failure. Unfortunately, polymeric adhesive formulations 
typically exhibit very small elastic moduli and yield strength 
compared to materials such as metals, metals matrix 
composites, and ceramics to be bonded. Thus, When poly 
meric adhesives are employed to bond materials such as 
metals and ceramics, the large elastic modulus mismatch and 
the loW yield strength of the polymeric glues at the interfaces 
presents signi?cant opportunity for adhesion failure. 

SUMMARY 

The present invention is directed to a material and method 
for adhering at least tWo materials having at least one 
characteristic dissimilarity in their mechanical properties. In 
the method as disclosed herein, at least one intermediate 
layer is interposed betWeen the tWo materials. The interme 
diate layer contains at least one shape memory alloy, Which 
can exhibit superelastic behavior. The present invention is 
also directed to a multi-layer construction that includes a 
?rst layer composed of a material having a ?rst 
characteristic, a second layer composed of a material having 
a second characteristics Which has a value different from the 
?rst characteristic, and an intermediate layer interposed 
betWeen the ?rst and second layers. The intermediate layer 
contains at least one shape memory alloy Which can exhibit 
superelastic behavior. 

DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a process diagram outlining an embodiment of 
the invention as disclosed herein; 

FIG. 2 is a graphic depiction of a stress-strain curve of a 
superelastic shape memory alloy in tension; 

FIG. 3 is a graphic depiction of DSC of a NiTi thin ?lm 
deposited on an aluminum substrate; 

FIG. 4 is an X-ray diffraction spectrum of various mate 
rials prepared according to an embodiment of the method 
disclosed herein; 

FIG. 5 is an X-ray diffraction spectrum of various addi 
tional materials prepared according to an embodiment of the 
method disclosed herein; 
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2 
FIG. 6 is an X-ray diffraction spectrum of various alumi 

num substrates having a CrN coating; 

FIG. 7 depicts load displacement curves of an aluminum 
substrate having a CrN coating and materials prepared 
according an embodiment of the method disclosed herein; 

FIGS. 8A and 8B are load-displacement curves of Berk 
ovich nanoindentation tests at various loads; 

FIGS. 9A and 9B are plots of effective hardness, Work 
recovery ratio and depth recovery ratio that Were obtained 
from the load-displacement curve of FIGS. 8A and 8B; 

FIG. 10 depicts load-displacement curves of spherical 
indentation tests conducted on materials prepared according 
to an embodiment of the present invention; 

FIGS. 11A and 11B are SEM images of a scratch on a 
CrN—Al sample With the arroW denoting scratch direction; 

FIGS. 12A and 12B are SEM images of a scratch made on 
a sample prepared according to an embodiment as disclosed 
herein With the arroW denoting scratch direction; 

FIGS. 13A and 13B are SEM images of a scratch made on 
a comparison sample With the arroW denoting scratch direc 
tion; 

FIGS. 14A and 14B depict accommodation of the super 
elastic interlayer to strain in the interlayer and at the inter 
face caused by elastic deformation; 

FIGS. 15A and 15B are graphic results of coefficient of 
friction and Wear track for the Wear results of CrN—Al; 

FIGS. 16A and 16B are graphic results of coefficient of 
friction and Wear track for the Wear results of material 
prepared according to an embodiment as disclosed herein; 
and 

FIGS. 17A and 17B are graphic results of Wear tracks for 
the Wear results of a comparison material. 

DETAILED DESCRIPTION 

The present invention is directed to a material and method 
for adhering at least tWo materials that exhibit at least one 
characteristic dissimilarity. The present invention is also 
directed to a multi-layer construction that includes a ?rst 
material layer composed of a material having a ?rst 
characteristic, and a second material layer composed of a 
material having a second characteristic. The ?rst and second 
characteristics relate to different mechanical properties, such 
as, for example, at least one of elastic modulus, material 
hardness, internal material stress, and yield strength. In the 
method disclosed herein, an intermediate layer containing a 
shape memory alloy is interposed betWeen the ?rst and 
second layers. The shape memory alloy is one that can 
exhibit superelastic behavior. The present invention is also 
directed to a construction that includes an intermediate layer 
interposed betWeen ?rst and second material layers. The ?rst 
and second material layers are composed of materials that 
have at least one characteristic mechanical property that 
differs betWeen the tWo respective materials. The interme 
diate layer contains at least one shape memory alloy that can 
exhibit superelastic behavior. 
As used herein, the herein “shape memory alloy” or SMA 

is broadly de?ned as a metal-based alloy having a reversible 
solid-state transformation typically knoWn as a martensitic 
transformation. Such materials typically exhibit the shape 
memory effect and superelasticity distinct from conven 
tional metals and alloys. These materials may be ferrous or 
non-ferrous martensites. Such materials include, but are not 
limited to, iron-based alloys, copper-based alloys, and 
nickel-titanium alloys. Ferrous systems include, but are not 
limited, iron and at least one of manganese, silicon, chro 
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mium and nickel, such as iron-manganese-silicon alloys and 
iron-chromium-nickel alloys. Copper-based systems are 
typically derived from copper-Zinc, copper-aluminum, and 
copper-tin systems. Copper systems include, but are not 
limited to, copper and at least one of Zinc, aluminum and 
nickel, such as copper-Zinc-aluminum alloys, copper-nickel 
aluminum alloys, and copper-beryllium-aluminum alloys. 
Nickel based systems include, but are not limited to nickel 
and at least one of titanium, copper, niobium, palladium, 
Zirconium, and hafnium. 

Nickel-titanium systems may contain various amounts of 
nickel and titanium With the nickel and titanium being 
present in an intermetalic phase. Typically, concentrations of 
nickel-titanium shape memory alloys are approximately 
betWeen 48 and 52 atomic % (i.e. at %) nickel. It is to be 
understood that the transformation temperature of the B2 
structure to the martensitic phase that has a monoclinic B19‘ 
structure may be very sensitive to the nickel content. Trans 
formation temperatures may range betWeen —40° and +100° 
C. The nickel-titanium systems can also include a third 
element that can advantageously in?uence transformation 
temperature and affect hysteresis. Various tertiary elements 
can be present in the nickel-titanium alloy. These include, 
but are not limited to, at least one of copper, niobium, iron, 
chromium, cobalt, aluminum, molybdenum, gold, 
palladium, platinum, hafnium, and Zirconium. Examples of 
tertiary nickel-titanium alloys include, but are not limited to, 
at least one of nickel-titanium-copper alloys and nickel 
titanium-niobium alloys. 
As de?ned herein, “superelasticity” and “superelastic 

behavior” is an isothermal event characteriZed by evidence 
of pseudo elastic behavior until a critical strain is reached. 
In shape memory alloys, the superelastic effect is the result 
of stress-induced martensitic phase transformation. A large 
strain of several percent can be accommodated by this stress 
induced martensitic phase transformation process. Upon 
releasing the stress, the reverse phase transformation occurs, 
Which may result in the recovery of large strains and 
restoration of original dimensions. Further, stressing beyond 
the strain level that can be accommodated by stress-induced 
martensitic phase transformation results in deformation that 
mimics conventional plastic deformation. The elastic limit 
of conventional metals is less than 0.2 percent. The large 
recoverable strain of several percent in superelastic shape 
memory alloys gives rise to the terminology of “superelas 
ticity”. 

The materials of choice Will exhibit superelastic behavior 
above a phase transition temperature characteristic to the 
particular shape memory alloy. Phase transition tempera 
tures betWeen —40° C. and 120° C. are typical, and phase 
transition temperatures above ambient temperatures are pre 
ferred. As used herein “ambient temperature” Is employed to 
mean the temperature associated With the surroundings in 
Which the resulting Work place is to perform. This is 
typically 25° C. but may be loWer depending on the end use 
application. 
As depicted in FIG. 1, the method 10 of adhering at least 

tWo materials includes interpositioning of a compound con 
taining a shape memory alloy betWeen tWo materials having 
different characteristics. The method is broadly accom 
plished by positioning the ?rst material, as at reference 
numeral 20. The material containing the shape memory alloy 
is positioned in contact With the ?rst material, as at reference 
numeral 30. Typically, the material containing the shape 
memory alloy is positioned by a suitable deposition process 
or processes, or by other processes or procedures that 
provide the material containing the shape memory alloy in 
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4 
overlaying relationship With at least a portion of one surface 
of the ?rst material. Once the shape memory alloy contain 
ing material is in position, the second material can be 
positioned in contact With the shape memory alloy, as at 
reference numeral 40. Positioning of the second material 
may be accomplished by any suitable method, including thin 
?lm deposition or the like. 

In the method disclosed herein, the ?rst and second 
materials to be joined exhibit at least one characteristic 
dissimilarity. As used herein, the term “characteristic dis 
similarity” is de?ned as a physical characteristic or state 
inherent in the material and capable of exhibition When the 
resulting assembly is in a use condition. The characteristic of 
interest is one that milltates against adhesion of the ?rst and 
second materials. Examples of such a characteristic dissimi 
larity include, but are not limited to, differing elastic moduli 
in the tWo respective materials, differing yield strengths in 
the tWo respective materials, differing residual stresses in the 
tWo respective materials, and differing thermal expansion 
coef?cients in the tWo respective materials. 
The difference in elastic moduli may be any value suf? 

cient to produce a disassociation phenomenon suf?cient to 
comprise joining of the ?rst and second materials under 
standard use conditions Without the presence of the inter 
mediate layer as disclosed herein. Examples of such disas 
sociation phenomena may include shear stress parallel to the 
material—material interface When the materials are so 
joined. Typically, differences in elastic moduli can be those 
greater than about 50 GPa. Differences in yield strength may 
be those that compromise adhesion betWeen the respective 
materials. Differences in residual stress may be any amount 
that can result in delamination or adhesion failure betWeen 
the tWo materials. Differing thermal expansion coefficients 
are those that can compromise the adhesion betWeen the tWo 
respective material layers. It is to be understood that one or 
more characteristic differences may be exhibited betWeen 
the ?rst and second materials. Where multiple characteristic 
differences are exhibited, the characteristic difference for a 
given physical characteristic may be loWer then that stated 
above prior to adhesion failure, given the cumulative effect 
of multiple characteristic mismatches. 

Non-limiting examples of ?rst and second materials that 
can be employed in an embodiment of the method include 
?rst and second metals exhibiting a differential in at least 
one of elastic, moduli and thermal expansion coef?cients. 
Other examples include, but are not limited to metals joined 
to ceramics, metals joined to polymers, and metals joined to 
various metal matrix composites. Other suitable materials 
include those having characteristic differences in material 
hardness, as Well as internal material stresses. 

The ?rst end second materials employed in the method 
and constructions as disclosed herein each can be composed 
of at least one of ceramic compounds, polymer composites, 
metal matrix composites, end various metals and metal 
alloys. In certain instances, at least one of the ?rst and 
second materials may be suitable to form a substrate that can 
be further processed to provide a tribological surface. 
Examples of suitable ?rst or substrate materials include 
materials containing ceramic compounds, polymer 
composites, metal matrix composites, and metals such as 
aluminums and aluminum alloys, magnesium alloys, and 
copper alloys. The second material layer may be composed 
of at least one of ceramic compounds, polymer composites, 
metal matrix composites, and metals such as aluminums and 
aluminum alloys, magnesium alloys, and copper alloys. It is 
also contemplated that the intermediate layer containing at 
least one shape memory alloy may be interposed betWeen 
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tWo metal materials having different characteristics, such as, 
for a example, tWo different aluminum alloys. 

The intermediate layer may be interposed betWeen layers 
of equal thickness or may be interposed betWeen a substrate 
and a thin ?lm layer. Examples of materials used as the 
second material in thin ?lm applications include those 
previously mentioned materials that Will exhibit character 
istics of high hardness. Examples of such materials exhib 
iting high hardness also include formulations that contain at 
least one of a carbon-based coating material, a nitride-based 
coating material, a carbide-based coating material, and an 
oxide-based coating material. Such materials may be present 
in thicknesses ranging betWeen about 0.5 nanometers and 
100 microns. 

Such high hardness materials may be applied over a 
variety of substrates for various end use applications Where 
a hardened, potentially tribological surface is required. The 
substrates over Which such materials may be applied are 
generally “soft” substrate materials. The term “soft,” as used 
herein in regard to the substrate, refers to a material Which 
is prone to scratching, denting, or other surface Wear and/or 
abrasion. Examples of suitable hardness enhancing coatings 
include nitride-based materials such as chromium nitride 
(CrN), as Well as materials such as diamond-like-carbon, 
diamond, titanium-nitride, aluminum nitride, titanium 
aluminum-nitride, Zirconium-nitride, silicon carbides, 
tungsten-carbide, and aluminum-oxides having hardness 
greater than 5 GPa. 

It is also contemplated that the method of the present 
invention can be employed Where the application of the 
second material results in a highly stressed material. The 
highly stressed material may result, for example, When 
coatings are vapor deposited on the surface of various 
machine tools or machine tool elements. Thus, the materials 
containing shape memory alloys may be interposed betWeen 
machining part materials, such as, for example, high 
strength steel and tungsten-carbide and surface coating 
materials, such as, for example, diamond-based coating 
materials, borides, nitrides, oxides and the like. 

The shape memory alloys employed in the method dis 
closed herein Will exhibit a superelastic effect under ambient 
temperature of operation for the associated resulting mecha 
nism or Work piece. The temperature range for associated 
Work pieces can be broadly de?ned as betWeen —40° and 
400° C. It is to be understood that speci?c Work pieces and 
constructions Will have use temperatures that are more 
narroWly de?ned. Thus the shape memory alloy employed 
Will be one that exhibits a phase transition temperature 
beloW general use conditions expected for the resulting part 
depending on the speci?c application or ambient tempera 
ture of operation, the shape memory alloy employed can 
exhibit superelasticity above a suitable given temperature 
point or temperature range. By Way of a nonlimiting 
example, the superelasticity effect of a NiTi shape memory 
alloy is considered to be betWeen 20° C. and 100° C. Thus, 
end-use parts having an expected service temperature at or 
above this particular range could be advantageously con 
structed employing this material (eg NiTi). It is to be 
understood that the phase transition temperature range asso 
ciated With superelasticity for a given material employed in 
the intermediate layer can be modi?ed, altered or adjusted 
through the use of various dopants or the like. An illustrative 
example of superelastic behavior is set forth in FIG. 2. 

The intermediate layer may have any suitable thickness 
relative to the ?rst and second material layers. As disclosed 
herein, the intermediate layer may be applied as a thin or 
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6 
thick ?lm having a thickness ranging betWeen 10 nanom 
eters and about 500 microns. In thin ?lm applications, the 
intermediate layer thickness may be less than 200 microns, 
With non-limitative thicknesses ranging betWeen 10 nanom 
eters and 5 microns. 

It has been found, quite unexpectedly, that shape memory 
alloys With superelasticity interposed betWeen tWo materials 
having at least one characteristic dissimilarity Will promote 
adhesion betWeen the dissimilar materials. The intermediate 
layer may be positioned on a face of the ?rst or substrate 
layer by any suitable process Which Will permit or produce 
at least some interfacial reaction, such as, for example, by 
heat, mechanical friction, laser treatment, and Welding. 
Administration of the intermediate layer may be by any 
suitable deposition process that Will provide a layer con 
taining the SMA at a thickness desired for the particular end 
use application. Such processes include, but are not limited 
to vapor deposition, plasma spray, and the like, Which Will 
provide an intermediate layer having a thickness betWeen 
0.5 nanometers and 500 microns. In one embodiment, the 
intermediate layer has a thickness betWeen 1 nanometer and 
100 microns, and in another embodiment, the intermediate 
layer has a thickness betWeen about 100 nanometer and 5 
microns. 
The second or overlying layer may have any suitable 

thickness and may be positioned in overlying relationship to 
the ?rst layer With the intermediate layer interposed ther 
ebetWeen. The second or overlying layer may be a metal, 
ceramic, metal matrix composite, polymer or the like. 
Further, the second or overlying alyer may be positioned by 
any suitable positioning means Which includes, but is not 
limited to, vapor deposition, sputtering and the like, as may 
be employed in the production of thin ?lm layers. It is also 
contemplated that other application methods may be 
employed to provide a second layer having the thickness and 
pattern as required or desired. Thin ?lm deposition tech 
niques may produce internal stresses Which, if unaddressed, 
may lead to delamination of the deposited layer. It has been 
found, quite unexpectedly, that deposition of the thin ?lm 
layer (as the second layer) on an intermediate layer contain 
ing a shape memory alloy With superelasticity may mitigate 
the internal or inherent stresses caused by vapor deposition 
processes. 

It has also been found that the intermediate layer serves to 
mitigate or mediate stresses caused by tensile loads and 
variations produced as a result of the varying elastic modu 
lus of the tWo disparate layers. 

In order to more fully understand the process of the 
present invention, the folloWing illustrative examples are 
provided. These examples are to be considered illustrative of 
embodiments of the present invention and in no Way limit 
the scope or breadth of the invention herein claimed. 

EXAMPLE I 

In order to ascertain the effectiveness of interposed shape 
memory alloys in multilayer constructions, a layer of aus 
tenitic NiTi Was groWn on an aluminum substrate, folloWed 
by the deposition of a CrN hard coating. The indentation, 
adhesion, and Wear behavior of this structure Were compared 
With the CrN—Al samples and With a sample having a 
martensitic NiTi interlayer. 
The substrate material employed Was 6061-T6 aluminum 

plates With dimensions of 20 mm><20 mm><3 mm. The 
aluminum plates Were polished by diamond paste through 25 
micron. 
A NiTi thin ?lm Was deposited on the prepared aluminum 

plates by a DC magnetron sputtering process. The base 
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pressure achieved Was better than 2.7><10_6 Pa. The auste 
nitic NiTi thin ?lm Was deposited from a Ni49.8at % Ti 
target; While the martensitic NiTi thin ?lm Was deposited 
from a Ni48at % Ti target. The target Was presputtered for 
30 minutes prior to sputter deposition to obtain stable 
plasma. The Working pressure Was 0.33 Pa and the Working 
distance betWeen the target and the substrate Was 64 mm. 
The substrate temperature Was controlled by a built-in 
furnace Within the chamber. Argon of 99.99% purity Was 
used for the generation of the plasma. 

The NiTi ?lm Was deposited at a substrate temperature of 
300° C. for 60 minutes at a deposition rate of 1.1 nm/s. The 
?lm Was post-annealed at 550° C. for 60 minutes to crys 
talliZe the deposited NiTi ?lm and obtain the desired phase 
transformation temperature. The thickness of the ?lm Was 
determined by measuring a step at the edge of the masked 
area using a WYKO surface pro?lometer. 

The CrN coating Was made by depositing from a chro 
mium target of 99.99% purity in a nitrogen-containing argon 
environment. The base pressure of the system Was 8x10“4 Pa 
and the pressure during the deposition Was 0.13 Pa. The gas 
Was a miXture of 99.999% pure argon and 99.99% pure 
nitrogen. The nitrogen gas ?oW rate Was 46 sccm. The CrN 
?lm Was deposited at 4Amps With 150 V bias applied to the 
substrate. The ?lm thickness Was 1 micron. 

The composition of the NiTi ?lm Was measured by Wet 
chemical analysis. The characteristic phase transformation 
temperature of the NiTi thin ?lm Was determined using a TA 
Instrument DSC 2929 Modulated differential scanning calo 
rimeter (DSC). The temperature ranged from —50° C. to 
175° C. under a controlled heating/cooling rate of 50° 
C./min. X-ray diffraction (XRD) measurements Were carried 
out on a Siemens D500 diffractometer using Cu—K alpha 
radiation at 40 kV voltage and 30 mA current. 

Analysis indicated that NiTi thin ?lm of 4 micron thick 
ness Was deposited on the 6061-T6 aluminum substrate. 

Specimen S1 had a ?lm made from a Ni49.8at %-Ti target 
and Was found to be Ni-rich. The ?lm composition Was 
Ni51.8at %-Ti48.2at %. Specimen S2 Was made from a 
Ni48at %-Ti target and Was found to be slightly Ti-rich. The 
?lm composition Was Ni49.5at %-Ti. About 1.5 to 2at % of 
TI Was lost during the sputtering process. 

The as-deposited NiTi thin ?lm Was amorphous and Was 
post-annealed to crystalliZe. From DSC measurements, the 
rhombohedral “R-phase”, martensite and austenite start and 
?nish temperatures (RS, Rf, MS, AS, respectively) Were 
determined and the DSC curves are shoWn in FIG. 3. The 
composition and phase transformation temperature of the 
tWo types of NiTi ?lms are listed in Table I. For Specimen 
S1, AS Was 8° C. and the AfWas 37° C. in the heating cycle; 
R5 was 34° C. and Rf Was 4° C. In the cooling cycle. 

TABLE I 
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Specimen S1 Was found to consist of both austenite phase 

and R-phase at ambient temperature. The X-ray diffraction 
(XRD) pattern of the aluminum substrate and S1 thin ?lm 
are shoWn in FIGS. 4A and 4B. The NiTi austenite phase 
Was determined to have a B2 structure and to shoW a (110) 
diffraction peak 2 theta=43°. The austenite (110) peak Was 
split When transformed into rhombohedral R-phase. The 
peak at 2 theta=42° Was the diffraction of the (110) plane of 
R-phase. 

Specimen S2 Was found to have a much higher transfor 
mation temperature than that of Specimen S1. The marten 
site ?nish temperature of Specimen S2 Was higher than 
ambient temperature, Which indicates that Specimen S2 
consisted of martensite phase material at room temperature. 

The XRD of Specimen S2 thin ?lm is shoWn in FIG. 5B, 
Which indicates the monoclinic structure of the martensitic 
NiTi. 

EXAMPLE II 

In order to evaluate the effectiveness of interposition of 
materials containing shape memory allay in hard coating of 
“soft” substrates to protect the soft substrate, CrN coatings 
of 1 pm thick Were deposited on the top of Specimen S1, 
Specimen S2, and an aluminum specimen of 6061-T6 alu 
minum. The corresponding X-ray diffraction (XRD) patterns 
of the CrN coating are shoWn in FIG. 4C, FIG. 5C and FIG. 
6B, respectively. The Weak peaks at 2 theta=37.2° and 2 
theta=43.6° are indeXed as (111) and (200) diffraction of 
CrN. 

Indentation properties Were obtained and analyZed. Inden 
tation properties of the coatings and substrate, for eXample, 
hardness, Young’s modulus, and recovery ratio, Were 
obtained by instrumented indentation experiments. The 
hardness and reduced Young’s modulus Were obtained from 
the maXimum load and initial unloading slope of the unload 
ing curve using the method outlined by Oliver and Pharr. 
The Work recovery ratio, 11W, is de?ned as the ratio of 
reversible Work to total Work: 

(1) 

Where Wt is the total Work done during loading While We is 
the reversible Work during unloading; hmax is the maXimum 
penetration depth While hf is the residual indentation depth 
after unloading. The depth recovery ratio, 11h is de?ned as 
the recoverable indentation depth to the total indentation; 

Composition and phase transformation temperature of the NiTi thin ?lms 

/ Superelastic 

Shape 

Specimen Film Target Aq I S Rf MS Mf 
ID Composition Composition (° C.) (° C.) (° C.) (° C.) (° C.) (° C.) Comments 

S1 Ni 51.8 at Ni 49.8 at 8 37 34 4 / 
%-Ti %-Ti 

S2 Ni 49.5 at Ni 48.0 at 87 96 / / 62 28 

%-Ti %-Ti Memory 
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(2) 

The hardness, H/E, 11W and 11h represent the strength and the 
elasticity of the materials. 

The load-displacement curves of Berkovich indentation 
tests of the aluminum substrate, Specimen S1 and Specimen 
S2 are shoWn in FIG. 7. Properties obtained from the 
nanoindentation test are listed in Table II. The hardness of 
the specimens decreases in the order of Specimen S1 
(austenite), Specimen S2 (martensite) and aluminum. The 
Young’s moduli of NiTi thin ?lms are close to that of the 
aluminum substrate. Specimen S1 (austenite) thin ?lm 
shoWed the highest Work and depth recovery ratio, Which is 
consistent With indentation studies and characteristics of 
bulk austenite and martensitic NiTi material. 

TABLE II 

Comparison of the Nanoindentation Properties of the Aluminum 
Substrate and the Ni 51.8 at %—Ti and Ni 49.5 at %—Ti Interlaver 

Materials H (Gpa) E (Gpa) H/E" 71W 71h 

6061-T6 A1 0.94 77.6 0.0118 0.064 0.07 
Ni 51.8 at %—Ti (51) 4.67 95.0 0.0488 0.38 0.38 
Ni 49.5 at %—Ti (52) 2.42 89.3 0.0264 0.226 0.234 

(*H/E is elastic strain to failure) 

The load-displacement curves of Berkovich nanoinden 
tation tests at various loads are shoWn in FIGS. 8A—8B. It 
Was found that the loading curve of CrN—Al began to 
deviate from the loading curve of Specimen S1 CrN— 
NiTi—Al at an indentation depth of about 200 nm, Which is 
one-?fth of the ?lm thickness. The residual indentation 
depth of CrN—NiTi—Al (Specimen S1) Was smaller than 
that of CrN—Al and CrN—NiTi—Al (Specimen S2) When 
compared at similar indentation depths. Without being 
bound to any theory, it is believed that the ?at region in the 
loading curve of CrN—Al Was related to the micro-cracking 
or delamination of the coating because indentation displace 
ment increased rapidly ith little increase in force When 
cracking or delamination occurred. 

The effective hardness, Work recovery ratio and depth 
recovery ratio Were obtained from the load-displacement 
and plotted in FIGS. 9A and 9B. Of particular interest Were 
indentation depths less than 1000 nm because the hard 
coating Was still the material in contact With the indenter at 
this depth. The effective hardness and the Work and depth 
recovery ratio of CrN—Al and CrN—NiTi—Al (Specimen 
S2) decreased faster than that of CrN—NiTi—Al (Specimen 
S1) With increasing indentation depth. 

For a hard coating—soft substrate system, the compliant 
substrate shoWs the substrate effect at a smaller indentation 
depth. The long-range stress ?eld under the indenter can lead 
to plastic deformation of the soft substrates and it can also 
create a shear stress at the interface due to the mechanical 
mismatch. Both phenomena Will accelerate the failure of the 
coating. 

Load-displacement curves of spherical indentation tests 
on CrN—NiTi—Al (Specimen S1) and CrN—NiTi—Al 
(Specimen S2) are shoWn in FIG. 10. As can be seen from 
FIG. 10, CrN—NiTi—Al (Specimen S1) shoWs much larger 
elastic recovery effect than CrN—NiTi—Al (Specimen S2). 
For Specimen S1, the Work recovery ratio deceased from 
0.67 to 0.55 and the depth recovery ratio decreased from 
0.82 to 0.73 With an increasing indentation depth from 250 
nm to 450 nm. For Specimen S2, the Work recovery ratio 
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10 
decreased from 0.5 to 0.26 and the depth recovery ratio 
decreased from 0.59 to 0.42 With an increasing indentation 
depth from 180 nm to 450 nm. The recovery ratio of the 
specimen With the austenite interlayer Was larger and 
decreased more sloWly. The microscopic superelasticity of 
the austenite NiTi has been studied recently and a similar 
result has been observed. 

EXAMPLE III 

In order to ascertain adhesion strength, the CrN—Al 
sample, Specimen S1 (CrN—NiTi—Al) and Specimen S2 
(CrN—NiTi—Al) Were compared qualitatively by observ 
ing scratches using scanning electron microscopy (SEM). 
The SEM images of the end and inside of the scratch on the 
CrN—Al sample are shoWn in FIGS. 11A and 11B. Flakes 
of delaminated CrN coating at the scratch end and micro 
cracks inside the scratch track Were observed. 

As a comparison, the SEM Images of end and inside of the 
scratch on (Specimen S1) CrN—NiTi—Al sample are 
shoWn in FIGS. 12A and 12B. No delamination occurred at 
the end and no crack formed inside the scratch. Some 
micro-cracks Were observed along the edge of the scratch. 
These observations indicate that the N151.8at %—Ti 
interlayer, Which consists of austenite phase material and has 
superelasticity, provides improved adhesion betWeen a layer 
material such as a hard CrN coating and soft aluminum 
substrate. 

To further understand the mechanism for the improved 
adhesion, the in?uence of the Ni49.5at %—Ti present as the 
interlayer in Specimen S2 on the adhesion of the CrN Was 
also studied by scratch test. The N149.5at %—Ti Was mar 
tensitic and possessed no superelasticity. The SEM Images 
of the end and inside of the scratch on Specimen S2 
CrN—NiTi—Al sample are shoWn in FIGS. 13A and 13B. 
Both delamination and cracking Were observed at the end of 
and inside the scratch. Since there Was little compositional 
difference betWeen Specimen S1 (Ni51.8at % Ti) and Speci 
men S2 (Ni149.5 at %—Ti), the different adhesion behavior 
Was attributed to the differences in mechanical properties. 
The interlayer of Specimen S1 exhibited a much higher 
Work and depth recovery ratio than Specimen S2, due to its 
reversible austenite to martensite transformation. 

Without being bound to any theory, it is believed that the 
superelastic intermediate layer can accommodate strain 
around the interface by recoverable elastic deformation. 
Since part of energy Was absorbed by the elastic deformation 
of the interlayer, less energy Was available for delaminating 
and cracking, thereby resulting in improved adhesion. 

FIGS. 14A and 14B depict hoW the superelastic interme 
diate layer can accommodate the strain in the intermediate 
layer and at the interface by elastic deformation. The defor 
mation disappears When the load is removed. In the tests 
conducted and discussed, there Was no evidence of residual 
deformation When a superelastic material Was used as an 
intermediate layer. The shape memory alloy functioned like 
elastomeric polymer adhesive. 

EXAMPLE IV 

The durability and Wear rate of the specimens Were also 
measured using the pin-on-disk test. FIGS. 15A and 15B 
present the Wear results of CrN—Al. FIG. 15A presents the 
friction coef?cient While FIG. 15B presents the Wear track 
after 3000 cycles. The CrN coating failed after 3,000 cycles 
as indicated by a sudden increase in the friction coefficient. 
A deep Wear scar of about 20 pm Was produced as a result 
of the test. 
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FIGS. 16A and 16B present Wear results of Specimen S1 
(CrN—NiTi—Al). The specimen exhibited a loW and stable 
friction coefficient. The CrN coating did not evidence failure 
fail after 101,000 cycles. The Wear rate Was determined to be 
about 5.4><10_4 pmz. 
As a comparison, the Wear results of Specimen 52 (CrN— 

NiTi—Al) is shoWn in FIGS. 17A and 17B after 3000 cycles 
and 10,000 cycles. The Wear rate Was about 2.0><10_2 pmz, 
Which Was about 40 times faster than that of Specimen 
S1(CrN—NiTi—Al) after 10,000 cycles. 

Without being bound to any theory, it is believed that the 
excellent Wear resistance of Specimen S1 (CrN—NiTi—Al) 
Was related to the indentation and adhesion behavior evi 
denced. Specimen S1 (CrN—NiTi—Al) evidenced high 
effective hardness, high recovery ratio, and improved adhe 
sion. Both hardness and H/E (elastic strain to failure) have 
merits in Wear resistance. Materials With high hardness and 
high H/E Will usually provide better Wear resistance and 
adhesion, Which can prevent premature coating failure. 

While the invention has been described in connection 
With What is presently considered to be the most practical 
and preferred embodiment, it is to be understood that the 
invention is not limited to the disclosed embodiments but, on 
the contrary, is intended to cover various modi?cations and 
equivalent arrangements included Within the spirit and scope 
of the appended claims, Which scope is to be accorded the 
broadest interpretation so as to encompass all such modi? 
cations and equivalent structures as permitted under the laW. 
What is claimed is: 
1. A method for adhering at least tWo materials, the 

materials having at least one characteristic dissimilarity, the 
method comprising the step of interposing at least one 
intermediate layer between the tWo materials, the interme 
diate layer containing at least one shape memory alloy that 
provides an adhesion of the at least tWo materials better than 
that of the at least tWo materials Without the intermediate 
layer. 

2. The method of claim 1 Wherein the shape memory alloy 
exhibits superelasticity under an ambient temperate of 
operation for the associated tWo materials. 

3. The method of claim 2 Wherein the shape memory alloy 
exhibits superelasticity under loads encountered in friction 
and Wear. 

4. The method of claim 3 Wherein the superelasticity of 
the shape memory alloy is exhibited at a temperature 
betWeen —40° C. and 140° C. 

5. The method of claim 2 Wherein the at least tWo 
materials to be adhered exhibit differences in at least one of 
material hardness, elastic modulus, residual stress, and ther 
mal expansion coef?cients. 

6. The method of claim 2 Wherein the materials to be 
adhered are components of a Work piece, the Workpiece 
being under loads encountered in friction and Wear. 

7. The method of claim 2 Wherein a second material of the 
at least tWo materials is deposited, and the second material 
exhibits internal stress from being deposited. 

8. The method as de?ned in claim 7 Wherein the deposi 
tion of the second material is accomplished by one of vapor 
deposition and plasma deposition. 

9. The method of claim 2 Wherein the shape memory alloy 
is a superelastic alloy containing at least one of an iron 
based alloy, a copper-based alloy, and a nickel-based alloy. 

10. The method of claim 2 Wherein the shape memory 
alloy includes iron and at least one of manganese, silicon, 
chromium, and nickel. 

11. The method of claim 2 Wherein the shape memory 
alloy includes copper and at least one of Zinc, aluminum, 
nickel and beryllium. 
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12 
12. The method of claim 2 Wherein the shape memory 

alloy includes nickel and at least one of titanium, copper, 
niobium, gold, palladium, platinum, Zirconium, and 
hafnium. 

13. The method of claim 2 Wherein the shape memory 
alloy is at least one of iron-maganese silicon alloys, iron 
chromium-nickel alloys copper-Zinc-aluminum alloys; 
copper-nickel-aluminum alloys, copper-beryllium-alum 
alloys, and nickel-titanium based alloys. 

14. The method of claim 2 Wherein the shape memory 
alloy includes at least one of nickel-titanium-copper alloys 
and nickel-titanium-niobium alloys. 

15. The method of claim 1 Wherein the characteristic 
dissimilarity betWeen the at least tWo materials is at least one 
of hardness, elastic modulus, residual stress, and thermal 
expansion. 

16. The method of claim 15 Wherein at least one of the at 
least tWo materials is a substrate containing at least one of 
ceramic compounds, polymer composites, metal matrix 
composites, aluminum alloys, magnesium alloys, and cop 
per alloys. 

17. The method of claim 1 Wherein the intermediate layer 
interposed has a thickness betWeen about 0.5 nanometers 
and 5 microns. 

18. The method of claim 17 Wherein at least one of the 
materials to be bonded is a thin ?lm. 

19. The method as de?ned in claim 1 Wherein interposing 
the at least one intermediate layer is accomplished by one of 
vapor deposition and plasma deposition. 

20. A method for adhering at least tWo materials, the 
materials having at least one characteristic dissimilarity, the 
method comprising the step interposing at least one inter 
mediate layer between the tWo materials, the intermediate 
layer containing at least one shape memory alloy, Wherein 
the intermediate layer is of a different composition than, 
both of the tWo materials, Wherein the characteristic dis 
similarity betWeen the tWo materials is at least one of 
hardness, elastic modulus, internal material stress and ther 
mal expansion, and Wherein at least one of the materials 
contains at least one of a carbon-based coating material, a 
nitride-based coating material, a carbide-based coating 
material, an oxide-based coating material, and a boride 
based coating material. 

21. The method of claim 20 Wherein the shape memory 
alloy exhibits superelasticity under an ambient temperature 
of operation or the associated tWo materials. 

22. The method of claim 21 Wherein the shape memory 
alloy exhibits superelasticity under loads encountered in 
friction and Wear. 

23. The method of claim 21 Wherein the shape memory 
alloy is a superelastic alloy containing at least one of an 
iron-based alloy, a copper-bases alloy, and a nickel-based 
alloy. 

24. The method of claim 23 Wherein the iron-based shape 
memory alloy includes iron and at least one of manganese, 
silicon, chromium, and nickel. 

25. The method of claim 23 Wherein the copper-based 
shape memory alloy includes copper and at least one of Zinc, 
aluminum, nickel and beryllium. 

26. The method of claim 23 Wherein the nickel-based 
shape memory alloy includes nickel and at least one of 
titanium, copper, niobium, gold, palladium, platinum, 
Zirconium, and hafnium. 

27. The method of claim 21 Wherein the shape memory 
alloy is at least one of iron-manganese-silicon alloys, iron 
chromium-nickel alloys, copper-Zinc-aluminum alloys, 
copper-nickel-aluminum alloys, copper-beryllium 
aluminum alloys, and nickel-titanium based alloys. 
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28. The method of claim 27 wherein the nickel-titanium 
based alloy includes at least one of nickel-titanium-copper 
alloys and nickel-titanium-niobium alloys. 

29. A method for adhering at least tWo materials, the 
materials having at least one characteristic dissimilarity, the 
method comprising the step of interposing at least one 
intermediate layer betWeen the tWo materials, the interme 
diate layer containing at least one shape memory alloy, 
Wherein the characteristic difference betWeen the tWo mate 
rials is at least one of hardness, elastic modulus, internal 
material stress, and thermal expansion, Wherein the inter 
mediate layer interposed has a thickness betWeen 10 nanom 
eters and 500 microns, Wherein at least one of the materials 
to be bonded is a thin ?lm, and Wherein the thin ?lm has a 
hardness greater than 5 GPa and includes at least one of 
diamond-like carbon, diamond, aluminum nitride, Zirco 
nium nitride, silicon carbide, tungsten carbide and aluminum 
oxide. 

30. The method of claim 29 Wherein the thin ?lm is 
positioned on materials Which include high-strength steel 
and tungsten carbide. 

31. The method of claim 29 Wherein the shape memory 
alloy eXhibits superelasticity under an ambient temperature 
of operation for the associated tWo materials. 

32. The method of claim 31 Wherein the shape memory 
alloy exhibits superelasticity under loads encountered in 
friction and Wear. 

33. The method of claim 31 Wherein the shape memory 
alloy is a superelastic alloy containing at least one of an 
iron-based alloy, a copper-based alloy, and a nickel-based 
alloy. 
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34. The method of claim 33 Wherein the iron-based shape 

memory alloy includes iron and at least one of manganese, 
silicon, chromium, and nickel. 

35. The method of claim 33 Wherein the copper-based 
shape memory alloy includes copper and at least one of Zinc, 
aluminum, nickel and beryllium. 

36. The method of claim 33 Wherein the nickel-based 
shape memory alloy includes nickel and at least one of 
titanium, copper, niobium, gold, palladium, platinum, 
Zirconium, and hafnium. 

37. The method of claim 31 Wherein the shape memory 
alloy is at least one of iron-manganese-silicon alloys, iron 
chromium-nickel alloys, copper-Zinc-aluminum alloys, 
copper-nickel-aluminum alloys, copper-beryllium-alum 
alloys, and nickel-titanium based alloys. 

38. The method of claim 37 Wherein the nickel-titanium 
based alloy includes at least one of nickel-titanium-copper 
alloys and nickel-titanium-niobium alloys. 

39. A method for adhering at least tWo materials, the 
materials having at least one characteristic dissimilarity, the 
method comprising the step of interposing at least one 
intermediate layer betWeen the tWo materials, the interme 
diate layer containing at least one shape memory alloy, 
Wherein at least one of the materials contains at least one of 

a carbon-based coating material, a nitride-based coating 
material, a carbide-based coating material, an oXide-based 
coating material, and a boride-based coating material. 


